We recently reported a novel coupling strategy involving salicylhydroxamic acid and phenyl(di)boronic acid molecules to attach the CNGRC peptide to PEI/DNA for CD13 targeting in tumors. Here, we doubly coupled Simian Virus (SV) 40 peptide-(nuclear localization signal)) and oligonucleotidebased (DNA nuclear targeting signal) nuclear signals to the same vector using peptide nucleic acid chemistry. This vector, CNGRC/PEG/PEI/DNA-bgal/NLS/DNTS, was predominantly localized in the cell nucleus, yielding about 200-fold higher bgal gene expression in vitro, more than 20-fold increase in tumorspecific gene delivery, and a robust bgal gene expression as demonstrated in stained tumor sections. For gene therapy purposes, we further engineered a similar targeting polyplex, CNGRC/PEG/PEI/DNA-p53/NLS/DNTS, with EBV-based episomal vector for sustained p53 gene expression. A distribution of vector DNA and apoptosis in p53-containing tumors was observed, yielding a significant tumor regression and 95% animal survival after 60 days. This multicomponent vector also co-targeted tumor and tumor-associated endothelial cells but not normal cells, and had more efficient therapeutic index than each vector administered as a single modality. The use of an efficient coupling strategy without compromising the vector's integrity for DNA condensation and endosomal escape; nuclear import; tumor-specific and persistent p53 gene expression clearly provides a basis for developing a single combinatorial approach for non-viral gene therapy. Gene Therapy (2006) 13, 1512-1523.
Introduction
In light of the major obstacles plaguing non-viral therapeutic gene delivery, we recently developed an effective formulation between polyethylenimine (PEI) and plasmid DNA, 1 carrying a tumor-specific CNGRC peptide for targeting aminopeptidase N/CD13 in the tumor vasculature. 2 We modified the 25 kDa PEI by substituting 5% of the amine molecules with salicyldroxamic acid (SHA) to enable a self-assembly between the SHAmodified PEI and phenyl(di)boronic acid (PDBA)-modified CNGRC peptide. Whereas gene expression with this targeting vector was impressive, we envisaged that using a p53-containing episomal vector to achieve a long-term in vivo gene expression, 3 and further incorporating nuclear signals in the tumor-targeted PEI-based vector, would generate a more effective system for maximum and sustained therapeutic gene delivery.
Non-viral gene transfer vectors, consisting mainly of plasmids, are generally delivered as a complex with chemical and/or biochemical vectors such as cationic lipids or polymers (polyplexes). Such complexes offer several advantages compared to viral vectors such as better safety profile, a lower immunogenicity, sizeindependent transgene inclusion, and may also offer less stringent pharmaceutical regulations; however, they generally suffer from a relatively low transfection efficiency. The exact mechanism of non-viral gene transfer is not perfectly understood, but nuclear transport of oligonucleotides and plasmid DNA (pDNA) either by transfection of whole cells [4] [5] [6] [7] [8] microinjection into the cytoplasm [9] [10] [11] [12] [13] [14] or transfection of plasma membranepermeabilized cells [15] [16] [17] [18] has been reported in recent years to highlight impediments to efficient delivery of nonviral vectors, including the passage of DNA across the cellular membrane, the escape from endosomal compartments, low metabolic stability of plasmids and polyplexes in the cytoplasm, and the inefficient trafficking of genes to the nucleus. 19 By comparison, cellular and viral proteins enter the nucleus efficiently by means of nuclear localization sequences (NLS), which are stretches of amino acids that bind to intracellular transport receptors to facilitate transfer through the nuclear pore. 20 Even though the application of NLS peptides for non-viral gene transfer has been somewhat investigated, some of the results are promising, 4, 6, 17 whereas others are discouraging. 14, 21 There are, however, a couple of important findings from the literature regarding nuclear targeting. For example, it is now known that the nuclear transport capabilities of the Simian Virus (SV) 40 large T NLS is abrogated with a lysine to threonine mutation in the signal peptide. 22 It has also become increasingly clear from studies above and numerous others that one of the major limitations in the use of NLS-conjugated DNA or peptides for increasing gene expression efficiencies lies in the coupling method and the type of chemistry used. For instance, coupling of streptavidin-NLS conjugates to biotinylated DNA enabled linear DNA fragments to enter the nuclear of digitonin-permealized cells by an active transport process. 23 Increases in gene expression has also been observed following ligation of an oligonucleotide-NLS conjugate to one or both terminal to a linear DNA molecule. 6 Conjugation of the NLS peptide to the N3-position of adenine bases in double-stranded DNA yielded no increase in the nuclear uptake of the modified DNA or transgene expression. 17 In contrast, a follow-up report describing the synthesis a loopforming oligodeoxyribonucleotide crosslinked with the NLS peptide and this modified conjugate was enzymatically ligated to double-stranded DNA and transfected with PEI to enhance gene expression from 10-to a 100-fold. 6 Clearly, an NLS-conjugate that is easy to synthesize, with a chemistry that does not interfere with gene expression and also extremely stable in biological systems is desired.
With the above limiting factors in mind towards a multifunctional approach for gene therapy, we have utilized the peptide nucleic acid (PNA) to link the SV40 NLS to the plasmid DNA. Peptide nucleic acid is a DNA mimic with a pseudo-peptide backbone composed of N-(2-aminoethyl) glycine units to which the nucleobases are linked through methylene carbonyl linkers, resulting in an uncharged mimick. 24 It is chemically stable, and thus not expected to be degraded inside the living cell. Peptide nucleic acids are capable of sequence-specific recognition and exhibit a capacity to hybridize with high affinity to complementary sequences of RNA and DNA, obeying the Watson-Crick hydrogen bonding scheme, with extraordinary thermal stability and unique ionic strength effects, [24] [25] [26] exhibit high levels of solubility, and are resistant to proteinases and exonucleases. [26] [27] [28] Peptide nucleic acids also recognize duplex homopurine sequences of DNA to which they bind by strand invasion, forming a stable PNA-DNA-PNA triplex with a looped out DNA strand. 26 Polypyrimidine PNAs may also invade target DNA duplexes by forming a four-stranded complex consisting of a PNA-PNA-DNA triplex and a displaced DNA strand, [24] [25] [26] and in this situation, subsequent experiments have revealed that strand invasion can be improved by use of bis-homopyrimidine PNAs. 24, 26, 28 In this manuscript, we showed that the integrity of PNA-NLS binding to DNA encoding p53 protein could still be preserved even after further coupling to the CNGRC ligand using PEI as the cationic polymer.
The ultimate goal of the studies presented here is to successfully generate and utilize a multifunctional PEI/ DNA vector using an efficient and stable coupling strategy that will significantly increase gene delivery to tumors while decreasing any background expression in other organs. Using a well-defined stoichiometry, we demonstrate that the incorporation of the tumor-targeting CNGRC peptide as well as the two SV40 NLS signals in a single PEI/DNA vector, by way of PDBA-SHA bridge and PNA, achieves this purpose by increasing vector specificity both in vitro and in vivo, and even more importantly, in the context of a p53-containing EBV-based episomal vector enhances long-term gene expression and significantly increases the overall therapeutic index and survivability of the animals. The successful design and utilization of this multifunctional vector for p53-mediated gene therapy would certainly be an important step in the use of non-viral vectors for cancer gene therapy.
Results
Transfection of polyethylenimine/DNA-bgal with CNGRC-and/or nuclear localization signal-containing polyplexes
To construct a multi-factorial vector capable of overcoming essential barriers to gene delivery, we first generated the pGeneGripbgal reporter plasmid that encodes bgal, as well as the SV40 DNA nuclear targeting signal (DNTS) (Figure 1a) . The presence of a PNAbinding site in the plasmid facilitates the hybridization of the PNA-modified NLS. For targeted delivery to H1299 cells (since we have already shown previously that H1299 cells express CD13, the receptor for the CNGRC peptide), we further coupled the CNGRC peptide to the condensed PEI/DNA formulation by making use of the PDBA-SHA bridge as described previously.
2 Significantly (Po0.03) higher levels of gene expression than the PEI/DNA-bgal alone was observed in vitro when the vector contained either NLS and/or DNTS (Figure 1b ). This increased kinetically and seemed to act synergistically when both nuclear signals were in the same formulation. An even higher level of gene expression was observed when the DNTS-and NLS-containing vector was targeted with CNGRC peptide, resulting in approximately 500-fold higher gene expression than the vector without the CNGRC peptide, and 250-fold higher when the vector contained CNGRC peptide at 72 h after transfection. The DNTS-containing vectors seemed to yield higher expression levels than the NLS-containing vectors regardless of the vector components, indicating that perhaps the DNTS was a better targeting signal than the NLS peptide. On the whole, there was a general trend of increasing transfection levels towards the 72 h time point. The level of gene expression using bgal DNA alone or PEI/DNA-bgal as base references was negligible compared to the polyplexes with either the CNGRC or the NLS signals. To attribute the specificity of the vector to the presence of the CNGRC and NLS signals, competitive studies were done. The addition of a 100-fold molar excess of the CNGRC or NLS peptide significantly reduced the level of transfection (Po0.02) up to 80 and 75%, respectively, in tumor cells as compared to transfection using just the targeting vector without competition (Figure 1c ), but was not affected by competition with excess non-specific peptide (CARAC) or mutant NLS. However, a CD13-blocking monoclonal antibody (mAb) (WM15) significantly reduced (Po0.02) the level of transfection by approximately 70%, indicating its authenticity as the receptor for the CNGRC peptide. In contrast, transfection efficiencies under the same conditions with SHA-PEI/DNA-bgal were neither influenced by competition with excess CNGRC peptides, excess NLS peptides nor the CD13 antibody.
Analysis of tumor targeting after intravenous administration of the polyplexes
Based on our previous studies that the CNGRC peptide can mediate specific delivery to tumors in vivo, we (Figure 2a) . Furthermore, whereas no significant difference in gene expression was detected between CNGRC/PEG/PEI/DNA-bgal/NLS-and CNGRC/PEG/ PEI/DNA-bgal/DNTS-injected mice, there were approximately 10-and 15-fold increases in gene expression, respectively, over the CNGRC/PEG/PEI/DNA-bgal vector. These results indicate that the two NLS signals can mediate more specific and efficient in vivo gene expression when attached to the CNGRC peptide in our novel vector formulation. Consequently, we proceeded to determine the ability of the vector to mediate targeted delivery in vivo by examining bgal transfection in tumor sections of injected mice. Even with this rather insensitive bgal staining assay (approximately 1000 molecules of bgal are required to turn one cell blue), we further corroborated our in vivo transfection results (Figure 2b ). The data from the tumor sections further indicate that the vectors containing the nuclear signals were more efficient in transfecting distant tumors, resulting in robust gene expression when injected intravenously. There seemed to be no significant difference between the number of blue cells from CNGRC/PEG/PEI/DNAbgal/NLS-and CNGRC/PEG/PEI/DNA-bgal/DNTSinjected mice. Tumor sections from both mice however yielded less blue cells than sections from CNGRC/PEG/ PEI/DNA-bgal/NLS/DNTS-injected mice. Furthermore, the number of blue cells from the control PEI/DNA-bgal vector was negligible (data not shown). In addition to this, it was equally important to validate the targeting of CD13 using the CNGRC-containing vectors in the tumors. Evaluation of tumor sections by indirect immunohistochemistry using anti-CD13 mAb (WM15) showed that besides tumor cells, a significant number of stained cells in tumor stroma corresponds to endothelial cells of tumor-associated vessels (Figure 2c 
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In vitro and systemic transfection of polyethylenimine/ DNA-p53 vector with CNGRC and/or nuclear-specific signals
We next tested the efficacy of the tumor-and nuclearspecific targeting vector in the context of p53-mediated gene therapy. For this purpose, we utilized an episomal vector to achieve even longer term gene expression ( Figure 3a ). Using this p53-containing targeting vector, efficient cell killing was observed in H1299 cells after transfection ( Figure 3b ). Cell killing with PEI/DNA-bgal or PEI/DNA-p53 was comparatively insignificant and unlike the previous transfection results, there was no significant difference in cell killing between the NLS-and DNTS-containing vectors in vitro, with the most effective being CNGRC/PEG/PEI-DNA-p53/NLS/DNTS. To determine whether increase in gene delivery was due whole or in part to an increase in the transfer of an NLS-conjugated DNA to the nucleus, we examined in confocal studies the relationship between nuclear localization of CNGRC-coupled, p53-containing targeting vector and gene expression. (Figure 4a and e). The seemingly differential increase in nuclear localization among the various polyplexes also corroborated our findings with bgal gene transfection in vitro, suggesting that higher nuclear accumulation of the vector was synonymous with increased bgal gene expression. There was no nuclear localization with mutant NLS peptide, which is nuclear transport deficient (data not shown).
In vivo effect of p53-containing targeting vectors on tumor growth and mice survival
To investigate the effect of p53 on tumor growth, we initially set up five groups of mice injected with different amounts of p53 DNA in the CNGRC/PEG/PEI-DNAp53/NLS/DNTS targeting vector. In this experiment, it was observed that 6 mg of p53 DNA was the most effective in reducing the already established tumor volumes in a 72-h time period followed by 10, 3, 1 mg, and empty vector (minus p53 DNA) in that order (Figure 5a ), so this amount of p53 DNA was subsequently used in all therapeutic experiments. This targeting vector was still the most effective in significantly reducing established tumor volumes followed by p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al CNGRC/PEG/PEI-DNA-p53/DNTS, CNGRC/PEG/PEI-DNA-p53/NLS, CNGRC/PEG/PEI-DNA-p53, PEI-DNAp53, and PEI/DNA-bgal in that order (Figure 5b ) over an extended period of 28 days. Significant differences in the mean volume (7s.e., Po0.02) between the CNGRC/ PEG/PEI-DNA-p53/NLS/DNTS-and PEI/DNA-p53-injected mice was observed 14 days after tumors had 'taken' and the ratio of tumor volumes at this time was 8.2-14.1 (mean, 12.6). Terminal deoxynucleotidyl transferase-mediated uridine 5 0 -triphosphate nick-end labeling (TUNEL) assay in tumor sections of mice injected with these vectors revealed apoptotic foci in all vectors with, but not those without p53 (Figure 5c ). To further validate these data as resulting from p53, we screened the tumors for the presence or absence of p53 DNA. All tumors from mice injected with p53-containing vectors expressed p53 with the exception of the p53-minus vector (Figure 5d ).
Effect of p53-containing targeting episomal vectors on mice survival
We next proceeded to ask if the dramatic decrease in tumor volumes as a result of the p53-containing targeting polyplexes would lead to an increase in animal survival. For this experiment, mice were randomized into six groups, 12 animals per group. At 14 days after initial cell injection, mice were systemically given single doses of the various episomal vector-based targeted formulations with or without CNGRC, NLS, DNTS, or p53 to initiate therapy. The experiment was allowed to run for an extended period of 60 days (tumors still expressed p53 with the episomal plasmid, data not shown) to better validate the full effect of the targeted polyplexes on survival. At the end of this experiment, there was a mean survival rate of 92% for animals injected with the CNGRC/PEG/PEI/DNA-p53/NLS/DNTS vector as opposed to only 20% with the untargeted PEI/DNA-bgal vector ( Figure 6 ). The DNTS-containing targeting vector was again more efficient at prolonging the mean survival of the animals (9075%) than the NLS-containing vector (7474%).
Discussion
With only 0.1% of naked DNA or 1% of polyplex DNA reaching the nucleus following microinjection of nonviral vectors into the cytoplasm, 29 it has become imperative to address this issue in the context of gene therapy. Whereas the results of targeted delivery have shown some promise, 30 -32 most of them have been both p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al non-reproducible and conflicting. While we and others have made attempts to target exclusive cells using nonviral gene delivery vectors in the form of a molecular conjugate, 1,2,33 it has become apparent that rather than addressing the current hurdles independently, one attractive strategy would be a single vector having multiple factors for both tumor-targeted and nuclearspecific delivery. The goal of the present work was therefore to validate the hypothesis that p53 gene expression and therapeutic index could be significantly The CNGRC peptide, which was previously isolated by in vivo phage display, 34, 35 was chosen in this study as the targeting ligand because of its high specificity for CD13 which is expressed at extremely high levels (41 million copies/cell) on tumor cells, as well as endothelial cells of angiogenic tumor vasculature but not normal vasculature. 12 We and others 2,34-36 have already demonstrated the efficiency and specificity of this peptide in mediating gene delivery in vivo. The SV40 large T antigen NLS peptide as well as its DNTS sequence (an enhancer element from SV40), which has also been shown to be absolutely essential for nuclear entry, 13, 32 were further incorporated in the delivery vector. Owing to the overwhelming advantages of PNA, including its high affinity binding to its complementary sequences, solubility, resistance to DNAses, and stability, we linked the NLS peptide to the PNA site in the plasmid DNA as a PNA-NLS hybrid. It must however be pointed out that, in order not to affect the functionality of the NLS peptide, the accurate quantitative determination of the sulfhydryl groups in the reduced peptide, together with the precise molar concentrations of both PNA and NLS, was important in determining the extent of saturation of the PNA-binding sites in the plasmid. One important consideration in the entire study was to fully characterize and purify the NLS peptide-PNA/DNA conjugates prior to in vitro and in vivo evaluation in order to avoid unconjugated NLSs competing for binding for transport receptors on the nuclear membrane. Nuclear localization signal peptides were therefore attached to PNA/DNA conjugates in the presence of high salt conditions to avoid non-specific interactions, and unreacted peptides removed by ethanol precipitation of the DNA. A prelabeled PNA assay to detect nuclear translocation of NLS peptide-PNA/DNA conjugates indicated that at least seven binding sites were required for efficient PNA binding (data not shown).
First, in vitro evaluation of transfection efficiencies using our multi-factorial bgal targeting vector showed a significantly enhanced gene expression over the control PEI/DNA-bgal vector with efficiencies up to 80%. Competition studies confirmed the CNGRC-and NLS-specific mediation in the enhanced gene delivery. One added advantage in this system is the use of PEI in our vector. Unlike polylysine, PEI can facilitate endosomal release and mediate efficient cell transfection in vitro without the use of an endosome lytic agent. 37 Next, we examined the relationship between the nuclear localization properties of our conjugates and gene expression in confocal studies. The basic tenet of this type of mechanistic confocal studies is that introduction of fluorescent labels does not substantially impair either the structural integrity or the transfection characteristics of the nonviral vector system so that conclusions about the intracellular trafficking can be extrapolated to the behavior of unlabelled components. 38 The results from this assay demonstrated that plasmid DNA alone with the CNGRC targeting ligand does not confer nuclear localization functions, whereas nuclear transfer occurs in the presence of NLS peptide, DNTS, or both. In addition, both the NLS peptide and the DNTS sequence appear to act synergistically for nuclear transfer of plasmid DNA resulting in increased gene expression. The increase in gene expression as a result of nuclear localization corroborated our in vitro bgal quantitation results, suggesting that nuclear localization was synonymous with gene expression. We currently do not know the nuclear localization properties of the CNGRC ligand, but increased expression of the NLS conjugates in the presence of the ligand may possibly support the hypothesis that the ligand contributes somewhat to the nuclear targeting properties of the NLS conjugates. An explanation for this hypothesis may be that a substantial amount of NLS-conjugated DNA in the nucleus modifies the characteristics of the nucleus, which in turn favors the nuclear penetration of the CNGRC-coupled DNA. This hypothesis however remains to be proven.
Integral to the nuclear transport studies, a more important study was to test the efficacy and specificity of gene expression when this vector is administered systemically, and compared with vectors with either the CNGRC, NLS, or DNTS alone. CNGRC/PEI/DNAbgal/NLS/DNTS-injected mice showed more than 20-fold increase in bgal gene expression over just the CNGRC/PEI/DNA-bgal alone upon i.v. administration after 72 h. Furthermore, there was 10-fold increase in bgal gene expression of CNGRC/PEI/DNA-bgal/NLS/ DNTS over CNGRC/PEI/DNA-bgal/NLS-injected mice as opposed to approximately twofold over CNGRC/ PEI/DNA-bgal/DNTS-injected mice. The reason for this disparity in fold increases is not clear but it shows that the SV-40 DNTS enhancer sequence may be more efficient at nuclear targeting than its corresponding NLS peptide. One possible explanation may be that the oligonucleotide-based DNTS may be less refractory in p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al circulation and experience less aggregation with serum and plasma proteins, hence maintaining its functionality as opposed to the peptide-based NLS. Also taking into consideration the fact that approximately 1000 molecules of bgal are required to turn a single cell blue, which denotes a very insensitive staining assay, the demonstration of a robust bgal staining in tumor sections from mice injected with formulations containing both NLS motifs and the CNGRC peptide in the present study provides further empirical evidence that a single multi-factorial vector of this type would be a potentially suitable remedy to address the issue of gene delivery. In this study, the levels of in vivo gene expression with the complete multifunctional targeting vector was about 3 logs lower than that obtained in vitro. While this difference is not surprising due to the overwhelming barriers to gene delivery in animal models, by comparison, the levels of gene expression achieved in this study are up to 2 logs higher than yields obtained with other targeting vectors in vivo, 30-32 making our strategy a very attractive potential for systemic gene delivery. We also noted that two serial administrations of the targeting vector resulted in similar levels of gene expression as observed after a single delivery (data not shown), suggesting that the formulations can be re-administered without apparent loss of efficacy. However, it is worth cautioning that this picture may be altered once non-viral vectors are conjugated with peptides or other molecules able to elicit an immune response. This has already been demonstrated in previous reports 39, 40 where DNA complexed with a molecular conjugate based on Fab fragments of antibodies to the Ig receptor on epithelial cells led to an escalating immune response after repeated administration to the lung in vivo. A possible remedy to this in the context of the multi-component vector described in this study may involve the use of immuno-suppressants or immunologically inert peptides/ligands; however, there are no reports to date of studies evaluating the efficacy of this type of repeated administrations. Even more importantly, we also demonstrated that the CNGRC/ PEG/PEI/DNA-bgal/NLS/DNTS vector not only targets tumor cells but also tumor-associated endothelial cells as seen by positive immunohistochemical staining of CD13 in contrast to only tumor cells in the control vector. Since both tumor and tumor endothelial cells are being targeted, the number of possible therapeutic genes that can be used is greatly increased. As a result, this would allow for the use of genes affecting either tumor cell growth or angiogenesis, or even both approaches to be used in developing anticancer gene therapies.
Most tumor therapy studies with the retroviral system currently have inherent disadvantages such as low titers, viral instability, and the requirement for cell division for integration and expression. 41 Also, although the adenovirus system can provide more efficient gene transfer and stability of the virus, difficulties in cell targeting and re-administration have become serious drawbacks. 41 A plasmid-based molecular conjugate system in the form described here would therefore be more available and easy to construct and handle. Also, re-administration would be possible since plasmid DNA has little antigenicity. 42, 43 Using a p53-mediated PEI-based episomal delivery system, containing a tumor-specific ligand and nuclear localization signals to evaluate its therapeutic effect on human lung cancer xenografts in nude mice, we demonstrated that transfection of the therapeutic vector dramatically enhanced the cytotoxic effect of p53 as evidenced by both in vitro and in vivo analysis. As opposed to only 20% with the control vector, the significant reduction in tumor burden resulted in approximately 95% surviving animals when the CNGRC/PEG/PEI/DNA-p53/NLS/DNTS was administered. These mice were killed on day 60 and close to 90% were still positive for p53 in both groups by PCR. Also in this study, an optimum amount of 6 mg p53 DNA in the formulation was the most effective in reducing the tumor burden, suggesting the need for only a low threshold of DNA in the polyplex in achieving maximum effect. This report suggests that clinical application using this delivery method may be possible in the future. On the other hand, it is worth noting a few disadvantages with this method. In our study, although significant inhibition of tumor growth and prolonging of survival was observed, the targeted area was limited to local tumors. Therefore, the effect on growth of metastatic lesions cannot be empirically included in this therapy. We also did not evaluate repeated administrations more than twice, so the conclusive effect of re-administrations on tumor growth cannot really be deduced from this regimen. Nevertheless, based on these findings, we can conclude that a combination therapy involving the use of multiple genes or peptides in the same non-viral gene delivery vector is possible, opening up new options for gene therapeutics. We also envisage the incorporation of site-specific integrases in this novel PEI/DNA vector to add another level of specificity for cancer gene therapy. We hope that eventually after strict evaluation, testing, and optimization, the use of this coupling technique to develop a comprehensive multifunctional 'synthetic virus' (Figure 7 ) that has the advantages of a viral system combined with the advantages of a nonviral gene delivery vector could be of immense value for targeted therapy in the clinical setting.
Materials and methods

Cell line, plasmids, and antibodies
The human non-small-cell lung cancer cell line H1299 was cultured in RPMI with 5% FBS. Cells were cultured Figure 7 The general structure of a proposed non-viral targeting DNA delivery vector in the form of a 'synthetic virus' based on the use of molecular conjugates.
p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al in a 371C incubator with 5% CO 2. The plasmid pCMVbgal contains the Escherichia coli bgal gene under the control of the cytomegalovirus enhancer and promoter. Plasmid pGeneGripbgal contains 10 tandem repeats of the PNA-binding sites and was generated by sub-cloning the the BamHI bgal fragment from pCMVbgal into the BamHI site of the original pGeneGripBlank plasmid (Gene Therapy Systems Inc., San Diego, CA, USA). Plasmid pGeneGripbgal-DNTS (Figure 1b) , containing the SV 40 DNTS was generated by sub-cloning the 480 bp Eco47III-HpaI fragment from plasmid pGL3-Enhancer, containing the SV40 enhancer sequence, (Promega, Madison, WI, USA) into the unique XmnI site of plasmid pGeneGripbgal. Plasmid pCEP4/NTS/p53 was first generated by sub-cloning the 1.1 kb p53 gene into the BamH1 site of pCEP4 episomal expression plasmid (Invitrogen, Carlsbad, CA, USA), upstream of the CMV promoter resulting in pCEP4/p53, followed by cloning the 480 bp Eco47III-HpaI DNTS fragment into the unique Nru1 site upstream of the Herpes Simplex Virus thymidine kinase promoter yielding plasmid pCEP4/NTS/p53, which also carries the Epstein-Barr virus replication origin (oriP) and nuclear antigen (encoded by the EBNA-1 gene) to permit extra-chromosomal replication in mammalian cells. The PNA site 1 (Gene Therapy Systems Inc., San Diego, CA, USA) containing 10 tandem repeats of the PNA site (101 bp) with 5 0 -GATC overhangs was cloned into the BglII site of pCEP4/NTS/p53 episomal plasmid downstream of the SV40 DNTS site. All plasmids were isolated by an alkaline-SDS lysis method, checked for the presence of endotoxin with a limulus amebocyte lysate endochrome-k kit (Charles River Endosafe, Charleston, SC, USA) and used for transfection studies both in vitro and in vivo. The activityblocking mAb to CD13, WM15 (Pharmingen, San Diego, CA, USA) was used at a concentration of 1 mg/ml by pretreating the cells for 30 min with the mAb in cell medium.
Polyplex vector formation and analyses
The modification of the CNGRC peptide to yield CNGRC-PEG-PDBA and its subsequent linkage to SHA-PEI/DNA for the formation of the targeting polyplex has adequately been described and illustrated previously; 2 The sizes and z potentials of PEI/DNA complexes were measured by photon correlation spectroscopy, using a Zeta-sizer 3000HS (Malvern, Southboro, MA, USA). The measurements were performed according to the manufacturer's instructions with the following settings: temperature, 251C; scattering angle, 901; and analysis mode. Data were interpreted using the CONTIN software (Malvern Instruments, Malvern, UK). The results are presented as the mean7the standard deviation of at least three preparations. All conjugates contained 6 mg of bgal DNA with an N/P ratio of 2. Peptide nucleic acid-nuclear localization signal coupling and binding to plasmid DNA
The following peptides were utilized: peptide PKKKRKV containing wild-type SV40 large T NLS or peptide PKTKRKV (dNLS ) containing mutant SV40 large T NLS (the threonine mutant is known to be transport deficient) (Sigma, St Louis, MO, USA). To couple the SV40 NLS to PNA, we utilized the already synthesized maleimide-PNA (Gene Therapy Systems Inc., San Diego, CA, USA). First, 25 mM of the BondBreakert (Tris [2-Carboxyethylphosphine] hydrochloride) (TCEP) solution (Pierce, Rockford, IL, USA) was used to reduce the cysteine groups in the NLS peptide to sulfhydryls in order to facilitate the coupling of the activated sulfhydryls to the maleimide attached to the PNA. Briefly, 20 mg of the NLS peptide was mixed with 25 mM of TCEP, 50 mM of ethylenediaminetetraacetic acid (EDTA, Sigma) and 100 mM of NaPO 4 in a total volume of 300 ml and let to stand at room temperature (RT) for 1 h. Ellman's reagent (Pierce, Rockford, IL, USA) was then used to calculate the concentration of activated sulfhydryls in the reduced NLS sample according to the manufacturer's instructions. The maleimide-PNA was then incubated with the reduced NLS sample for 2 h at RT. Based on the results from our preliminary in vitro coupling experiments (data not shown), we determined that a 1:1 molar ratio of maleimide-PNA to NLS was sufficient and optimum for coupling and efficient binding to the pGeneGripbgal, pGeneGripbgal-DNTS, and the pCEP4/NTS/p53 plasmids. This ratio was subsequently used in all our coupling experiments. We further determined that 0.14 pmol of NLS and 0.3 pmol of PNA which binds to seven and three PNA sites, respectively, within the pGeneGripbgal plasmid was optimum to saturate the PNA sites for effective hybridization. Coupling of the mutant NLS was carried out in a likewise manner. Unless otherwise stated, this ratio was used for all our PNA-binding experiments.
In vitro transfection and bgal analysis
Cells were plated in 12-well plates (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) in the appropriate medium 48 h prior to transfection. All incubations of the various polyplex formulations with cells were performed in 1 ml of serum-free medium for 3 h at 371C in a CO 2 incubator. After incubation, the serum-free medium was replaced with 1 ml of growth medium and cells were then incubated for 24, 48, and 72 h at 371C. In vitro analysis of bgal expression in cells was analyzed using a Galacto-Lightt chemiluminescent reporter assay (Tropix) (Applied Biosystems, Framingham, MA, USA) and results were normalized per mg protein as previously described.
2 Statistical analyses were then performed for all triplicate experiments.
In vitro cell proliferation assays H1299 cells were plated at a density of 1 Â 10 4 cells/ml in 12-well plates 24 h before transfection. Medium was replaced with fresh medium on the day of transfection and cells were transfected with polylexes in a total volume of 30 ml at 371C and cell growth was monitored at various time points. Cells were prepared for analysis from 6-72 h post-transfection. Media were aspirated from each replicate well at each time point and adherent p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al cells were stained with crystal violet and solubilized with acidified ethanol for spectrophotometric determination of cell number by optical density (OD) at 595 nm.
Detection of nuclear-positive cells
Upon termination of the reaction for the vector formation, the polyplex was hybridized to 1 ml (1 mM) of NLS-PNA for an additional 30 min at RT. H1299 cells were then incubated with methylene blue for 15 min. To visualize nuclei, cells were stained live with SYTOX green (Molecular Probes,Eugene, OR, USA, 1:1000) in each well of a 12-well plate for an additional 15 min at 371C at the end of the incubation period and examined under an Olympus IX71 confocal laser scanning microscope equipped with a Zeiss axiocam (Zeiss) camera using Axivision 3.0 (Zeiss). For confocal microscopy in H1299 live cells, we found that this combination of dyes gave the best results for visualization. For each transfection, four different fields were examined independently and a representative field was selected for microscopy.
Cell injections and tumor growth
About 10 7 H1299 cells were thoroughly washed twice, resuspended in phosphate-buffered saline (PBS) (100 ml/ mouse), and injected subcutaneously into the dorsal flank of athymic nude mice (12 animals per experimental group, Harlan, Indianapolis, IN, USA). Intravenous administration of the various polyplex formulations began 14 days after initial tumor cell injection. The amounts and volumes of the polyplex are the same as described above. Tumor volumes were measured prior to each injection of the polyplex and calculated using the formula p/6 Â L ÂW Â H.
43
In vivo bgal and immunohistochemical studies Subcutaneous tumors were produced in 4-6 week-old female athymic nude mice (Harlan, Indianapolis, IN, USA) by injecting 10 7 H1299 cells into their dorsal subcutaneous space. Tumor formation was monitored until tumors reached 5 mm in size in one plane. The polyplexes (containing 6 mg bgal DNA) were injected in a volume of 150-180 ml via tail vein of mice by single injections and tumors examined after 72 h for bgal gene expression using a Galacto-Lightt chemiluminescent reporter assay (Tropix). For bgal staining, tissue sections (8 mm thick) of H1299 tumors on microslides were fixed in acetone:ethanol (1:1) at À201C for 20 min, washed in PBS for 5 min and stained for X-gal for 24 h at 371C in a humidified chamber. Slides were then washed with PBS and counterstained with Nuclear Fast Red solution for 5 min after which they were progressively washed in 70, 80, 90, and 100% ethanol for 3 min each followed by two changes of xylene for 10 min each. Finally, slides were air-dried and covered with a few drops of Cytoseal 60 Mounting Medium (Stephens Scientific, Kalamazoo, MI, USA) and examined under a Nikon Eclipse E400 Microscope (Nikon Instruments, Melville, NY, USA). Quantitation of bgal was determined in tumor and other tissues using a Galacto-light chemiluminescent reporter assay (Tropix), following the manufacturer's protocol. Measurements were done using a Monolight 3010 luminometer and normalized for protein concentration using a BCA protein assay kit. For immunohistochemical analyses, 8 mM thick paraffin-embedded tissue sections were adsorbed on polylysine-coated slides before CD13 detection by avidin-biotin. Sections were rehydrated using two changes of xylenes in a graded alcohol series, boiled for 10 min in 1 mM EDTA, cooled, incubated in PBS containing 0.5% hydrogen peroxide for 10 min to quench endogenous peroxidase before a final incubation in 200 ml of PBS containing 2% BSA for 1 h at RT. This was followed by WM15 CD13 human mAb (IgG1) in PBS-BSA overnight at 41C. Slides were then washed twice with PBS and incubated with PBS-BSA containing 2% normal horse serum (PBS-BSA-normal horse serum, Vector Laboratories, Burlingame, CA, USA) for 5 min. The solution was then replaced with 3 mg/ml biotinylated horse anti-mouse IgG (Vector Laboratories) in PBS-BSA-normal horse serum and further incubated for 1 h at RT. Slides were washed again and incubated for 30 min with Vectastain Elite Reagent (Vector Laboratories) diluted 1:100 in PBS. A tablet of 3,3-diaminobenzidine-tetrahydrochloride (Merck, Darmstadt, Germany) was then dissolved in 10 ml of deionized water containing 0.03% hydrogen peroxide, filtered through a 0.2-mm membrane, and overlaid on tissue sections for 5 min. The slides were washed as above and counterstained with Harris' hematoxylin before microscopy. All animal experiments were conducted under institutional guidelines established for the Animal Core Facility at MD Anderson Cancer Center.
Detection of p53 gene expression
Xenografts from mice intravenously injected with polyplex formulations with or without p53 were removed and immediately stored at À801C. Genomic DNA was extracted from homogenized tumors and exons 4-9 of the p53 gene were amplified using the following primers: forward 5 0 -TTCTGGTAAGGACAAGGGT-3 0 and reverse 5 0 -AGGCATTGAAGTCTCATGGA-3 0 . And for b-actin, forward primers 5 0 -TAATACGACTCACTATAGGGAGA GCGGGAAATCGTGCGTGACATT-3 0 and reverse primers 5 0 -GATGGAGTTGAAGGTAGTTTCGTG-3 0 .
Histology and TUNEL assay
The tumor tissue was fixed in 10% formalin and embedded in paraffin for histological examination. The paraffin sections were stained with hematoxylin and eosin (H&E). To access the incidence of apoptotic cell death, the sections were stained with an in situ cell death detection-Peroxidase kit (Boerhinger-Mannheim, Mannheim, Germany), according to the manufacturer's recommendations. Briefly, after deparaffinization, dehydration and inactivation of intrinsic peroxidase activity, the sections were digested with 2 mg/ml proteinase K at 371C for 15 min, then with terminal transferase and biotin-16-UTP followed finally with a dilution of peroxidase-conjugated streptavidin. Labeling was detected after incubation with diaminobenzidine.
Statistical analyses
Unless noted otherwise, results from in vitro experiments represent at least two independent experiments, whereas in vivo experiments utilized five animals per group, except for the survival studies which utilized 12 animals per group. All results are expressed as means7s.d. A mean with Po0.05 was considered statistically significant. The statistical significance of differences between the means of at least two independent samples was p53-mediated gene therapy with a multifunctional polyplex S Moffatt et al tested by t-test, and that for long-term data was tested with one-way analysis of variance (ANOVA).
